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Soil Oxygen Content
And Root Development of Sugar Cane 1
W. H. Patrick, Jr., F. T. Turner, and R. D. Delaune 2
Restricted aeration is a common occurrence in many of the poorly
drained Mississippi River Alluvial soils in Louisiana. Such conditions
as high rainfall, low runoff, soil compaction, high clay content, poor
soil structure, and high water table create unfavorable porosity and
aeration relationships in the soil which apparently limit root develop-
ment and crop productivity.
These limitations are especially severe in the sugar cane area of
South Louisiana where cane is grown on low-lying natural levees of the
present or abandoned Mississippi River channels. It is assumed that
root development in these soils is limited by restricted oxygen content
caused by poor surface drainage and poor internal drainage in the soil
profile, although no actual data are available to establish this fact. The
investigation reported here had three objectives: (1) to develop a system
for sampling soil air and determining its oxygen content in a 4-foot soil
profile, (2) to measure the oxygen content in the profile during the
growing season, and (3) to determine whether the soil oxygen content
affects the distribution of sugar cane roots.
EXPERIMENTAL PROCEDURE
Representative Mississippi River Alluvial soils in Terrebonne Parish
(Commerce, Mhoon, and Sharkey series) and St. Mary Parish (Cypre-
mort, Baldwin, and Iberia series) were selected for this study. Transects
from the natural levee to the back swamp were made to provide sam-
pling sites differing in elevation, texture, and internal drainage. Com-
merce soils are usually found on the crests of the natural levees of the
present and abandoned channels of the Mississippi River, Mhoon soils
at lower elevations on the natural levees, and Sharkey soils at still lower
elevations near the back swamp. The same positional relationship exists
for the Cypremort, Baldwin, and Iberia soils, except that these soils occur
on sediments deposited about 2,000 years earlier. The Sharkey and Iberia
soils are usually highest in clay content and have the poorest internal
drainage.
iThis work was supported in part by the Soil and Water Conservation Research
Division, Agricultural Research Service, United States Department of Agriculture.
^Professor and Associates, respectively, Department of Agronomy.
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FIGURE 1.-Particle size distribution of the six soils. Each profile represents an aver-
age of three locations.
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For each of the six soils, three apparently uniform sampling sites
100 to 200 feet apart were selected. This provided a total of 18 profile
sites. All sites were located in areas of plant cane so that no roots from
a previous year's crop would be measured. The average distribution of
sand, silt, and clay throughout the profiles is shown in Figure 1. The
Cypremort, Baldwin, and Iberia soils showed an increase in clay content
going from the natural levee toward the back swamp, but there was less
difference in clay content among the Commerce, Mhoon, and Sharkey
soils than is usually encountered for these three soils.
Two methods were developed for sampling and analyzing soil air
for oxygen content. One method consisted of a special air sampling probe
which could be inserted into the soil to various depths to withdraw air
samples for oxygen analysis. In the other method small air reservoirs
were established in the soil at various depths from which air could be
drawn for oxygen analysis. In both methods the air was drawn directly
into a specially constructed cell containing a Clark-type, membrane-
covered polarographic oxygen electrode. A battery-operated oxygen ana-
lyzer (Yellow Spring Model 51) was used for analysis of oxygen.
A Special Probe for Soil Oxygen De+ermination
The probe designed and constructed to sample and measure oxygen
content of the air at various depths in the soil is illustrated in Figure 2.
It consisted of a 4-foot-long, thick-wall stainless steel tube of i/2 inch
outside diameter and 1/16 inch inside diameter. A 3^-inch-diameter,
bullet-shaped point (slightly smaller in cross section than the tube) was
fitted on the end of the probe. In a notched section of the probe directly
behind the shoulder of the point were twelve 1-millimeter-diameter open-
ings. The probe was pushed into the soil to the desired depth, and the
recessed area behind the tip formed an open chamber in the soil which
was sealed from the atmosphere by the larger shoulder of the shaft of
the probe. Soil air was drawn through the probe with a suction bulb
containing a one-way valve. The oxygen electrode was in a specially
machined stainless steel cell on top of the probe and positioned so that
the membrane was in the path of the soil air going through the probe.
Because of the small internal volume of the sample tube and oxygen
analyzer cell only a small volume of air was required for analysis. Figure
3 shows the oxygen concentration in the analyzer cell as various amounts
of air of a known composition were drawn into the cell. Approximately
15 milliliters of air from the soil were required to displace the existing
air in the system and provide an accurate reading.
The probe worked well for coarse-textured soils, from which air was
readily drawn into the probe. It did not work well in fine-textured soils
or in soils that were nearly saturated with water because of the difficulty
of withdrawing air from the soil without applying a fairly high vacuum.
The vacuum affected the calibration of the oxygen analyzer.
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FIGURE 2.—The probe and analyzer cell used for soil oxygen measurement. An en-
larged view of the analyzer cell is shown.
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Measuring Oxygen Withdrawn from Air Reservoirs in the Soil
To determine the oxygen content of soil air in both fine-textured and
coarse-textured soils a different system was developed in which perma-
nent air reservoirs were established in the soil. These reservoirs were
sealed off from the atmosphere and the air in the reservoir allowed to
come to equilibrium with the soil air. Samples of air were drawn into
a specially constructed analyzer cell for analysis. Reservoirs y4 inch
in diameter and 4 inches long were established at depths of i/2 , 1, 2,
3, and 4 feet. To establish the air reservoirs an opening s/4 inch in
diameter was cut into the soil with a soil sampling tube to a depth 2
inches greater than the desired sampling depth. A No. 4 rubber stopper
was slipped on the end of a section of copper tubing of i/^-inch outside
diameter and 1/16-inch inside diameter and the rubber stopper and
tubing were forced into the hole far enough so that an opening was
left below the stopper. This provided a reservoir with a large soil surface
area for exchange of gases between the soil air and the air in the reservoir.
The sampling system is illustrated in Figure 4.
Although it fit snugly, the rubber stopper was not an airtight fit in
the hole, and an effective seal from contamination by atmospheric oxygen
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was necessary. This was accomplished by pouring a 3-inch layer of plaster
of paris on top of the rubber stopper to stabilize the stopper and tubing.
After the plaster had hardened a 2-inch layer of melted paraffin was
added to insure a seal. The remainder of the hole was filled with soil and
the end of the tubing projecting above the soil surface was made airtight
by attaching a small serum cap.
To analyze the air withdrawn from the reservoir for oxygen, a special
stainless steel analyzer cell was constructed. A Clark-type oxygen electrode
was sealed into the cell. The assembly is shown in Figure 5. The cell was
Copper Tubing
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Soil
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FIGURE 4.—System used for sampling soil air in reservoir. The 2-foot installation is
shown here.
designed in such a way that the effective volume of the cell was less than
1 milliliter. The inlet for the oxygen analysis cell was fitted with a hypo-
dermic needle so that the cell could be connected to the air reservoir in
the soil profile by simply inserting the needle through the serum cap on
the copper tubing leading to the reservoir. The cell could also be easily
attached by removing the serum cap and attaching the cell to the tubing
with a short piece of rubber tubing. A syringe attached to the cell outlet
was used to draw an air sample into the cell. The volume of sample re-
quired for analysis by this system was small, 5 milliliters of air drawn
through the cell being sufficient for an accurate oxygen measurement
(Figure 6).
The air reservoir method of sampling was used for the field analysis
of oxygen in this study because of its adaptability over a wider range of
soil texture and moisture content than the probe method. The method
proved to be very satisfactory for sampling air and analyzing it for oxygen
in profiles of soils in the sugar cane area. Installation time of the sam-
Chamber
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FIGURE 5.—Oxygen analyzer cell used for measuring oxygen content of soil air with-
drawn from air reservoir.
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FIGURE 6.—Oxygen content in the analyzer cell as various amounts of soil air were
drawn from the air reservoir into the cell.
pling system was reasonably short (about 20 minutes for each installa-
tion) and measurements of oxygen at a given- depth could be made in
about 2 minutes. The agreement between replicate profiles was generally
good, considering the inherent variation existing in soils. The reservoirs
were established in the 18 soil profiles (three locations of each of six soil
series) in early April, 1968, for a total of 90 installations. At a given loca-
tion the five installations at the different depths were all on the same row
and were 3 to 6 feet apart. Oxygen content was first determined on May
2 and at approximately 2-week intervals thereafter except for the last
sampling, which was after a 3-week interval.
RESULTS AND DISCUSSION
Oxygen Content of Commerce, Mhoon, and Sharkey Soils (Figures
7 to 9)
If oxygen values of 8 to 10 percent and higher are considered adequate
for normal root activity, the oxygen content of the profiles of the three
Commerce sites was not critical at any time during the growing season
except at the 4-foot depth. At this depth the concentration of oxygen was
usually near the 8 percent value. Early in the growing season an oxygen
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content of 2 percent was recorded at the 4-foot depth at one of the loca-
tions. Throughout the season there was a decrease in oxygen concentra-
tion with depth. In the early part of the season, differences in oxygen
content for a given depth between adjacent replicated sites of the Com-
merce soil were as large as 5 percent or more. By midseason the oxygen
patterns for the three sites were remarkably similar. The fairly close
agreement among the three replicate sites of each soil series was also
noted for the other five soils. Even though the Commerce soil was the
best drained of the three Mississippi River Alluvial soils, the water table
in this soil was high enough on several occasions during the first part of
the season to flood the oxygen sampling reservoirs at the 4-foot depth and
prevent sampling.
Oxygen values in the Mhoon soil showed that aeration throughout
Oxygen—percent
FIGURE 7.—Oxygen distribution in three profiles of Commerce soil in Terrebonne
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the profile was much more critical than in the Commerce soil. A marked
decrease in oxygen content with depth was observed, especially during
the early part of the growing season. At the 2-foot depth and below,
oxygen content throughout the growing season was usually at a point
considered too low for adequate root development. A marked lowering
of oxygen content occurred at all depths below 6 inches between the
August 5 and August 19 samplings. This decrease in oxygen was very
likely due to excessive soil moisture resulting from 4.5 inches of rain
which fell during this period. A high water content in the surface soil
due to a heavy rain can curtail the supply of oxygen to the subsoil
because of a blockage of the pore space and is likely to cause a deteriora-
tion of roots in the zone where oxygen is depleted, even though the
depletion may only persist for a few days.
In the Mhoon soil, as in the other soils, there was a general in-
Oxygen—percent
FIGURE 8.—Oxygen distribution in three profiles of Mhoon soil in Terrebonne Parish.
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crease in oxygen content in the subsoil as the season progressed. This
increase was undoubtedly due to the higher air-filled porosity of the
profiles caused by evapotranspiration and downward drainage through
the profile. Because of the high water table, difficulty was experienced
in obtaining samples at the 3- and 4-foot depths during the first part
of the growing season.
Oxygen distribution in the Sharkey soil was similar to that in the
Mhoon. Oxygen content below the surface foot was too low to support
adequate root activity during the early part of the growing season. As with
the other soils, closer agreement in oxygen content among the various
sampling sites was obtained during the last part of the season. The
Sharkey soil selected for this study was not noticeably different in internal
drainage from the Mhoon soil, a fact reflected by the similarity in oxygen
patterns. The water table in the Sharkey soil was within 3 feet of the
surface throughout most of the season.
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FIGURE 9.—Oxygen distribution in three profiles of Sharkey soil in Terrebonne Parish.
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Oxygen Content of Cypremort, Baldwin, and Iberia Soils (Figures
10 to 12)
Oxygen distribution patterns in the Cypremort, Baldwin, and Iberia
soils were similar to those in the corresponding Commerce, Mhoon, and
Sharkey soils. In the Cypremort soil, which corresponded to the Com-
merce soil in position and internal drainage, oxygen content was gen-
erally adequate for root growth above a 3-foot depth early in the grow-
ing season and above 4 feet later in the season. As in all the profiles,
aeration generally improved as the season progressed.
In the Baldwin soil, aeration was apparently critical at a depth of 1
foot at the May 15 sampling. All sites had oxygen content below 10
percent at the 2-foot depth and deeper until after the middle of June.
Aeration was critical below 3 feet for the entire growing season. The
Oxygen—percent
FIGURE 10.—Oxygen distribution in three profiles of Cypremort soil in St. Mary
Parish.
water table was lower in the Cypremort, Baldwin, and Iberia soils than
in the corresponding Commerce, Mhoon, and Sharkey soils.
The Iberia soil showed oxygen distribution patterns similar to those
of the Baldwin soil. Oxygen was critical at depths of 1 foot and deeper
early in the growing season, with the zone of apparently adequate oxygen
content gradually deepening as the season progressed.
In order to obtain information on the amount of air space available
for gas exchange in the soils, each profile was sampled near the end of
the growing season (on September 24) to determine the relative volumes
of air, water, and soil solids. The results of these analyses are shown
in Figure 13. Except in the surface foot or so, air space was low in most
of the soils. The Sharkey and Iberia soils, and to a lesser degree the
Mhoon soil, were especially low in air space at the lower depths. These
low air space values are in line with the low oxygen content below 2
feet in these soils.
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FIGURE 11.—Oxygen distribution in three profiles of Baldwin soil in St. Mary Parish.
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FIGURE 12.—Oxygen distribution in three profiles of Iberia soil in St. Mary Parish.
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FIGURE 13.—Volume distribution of soil solids, air space, and water for the six soils
used in this study. Each profile represents an average of three locations.
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Root Distribution
Excavations were made at each of the 18 sampling sites on September
24 to determine the distribution of sugar cane roots in the soil. Cylin-
drical volumes of soil approximately 8 inches in diameter and either
6 inches or 1 foot in length, corresponding to the oxygen sampling depth,
were removed from each site. The roots were separated from the soil
by washing and were dried and weighed.
The distribution of roots at various depths in the soil is shown in
Figure 14 for the Commerce, Mhoon, and Sharkey soils and in Figure
15 for the Cypremort, Baldwin, and Iberia soils. There were differences
in root distribution among the soils but these were not as striking as the
differences in oxygen content. All of the soil profiles showed only a small
amount of roots at the lower depths irrespective of oxygen content at
these depths.
With the exception of the Sharkey soil, in which recovery of roots
in the surface layer was poor because of the difficulty of separating clay
from the roots, all of the soils had about the same root concentration in
the surface 6 inches. In the critical 6-inch-to-2-foot depth, however, there
t
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FIGURE 14.-Root distribution of Commerce, Mhoon, and Sharkey soils. Each profile
represents an average of three locations.
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FIGURE 15.-Root distribution of Cypremort, Baldwin, and Iberia soils. Each profile
represents an average of three locations.
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were marked differences in root content that were related to oxygen con-
tent. Figure 16 shows the relationship between the average oxygen content
at the 2-foot depth for the period May 2 through July 1 and the root con-
centration in the 6-inch-to-2-foot zone. The controlling effect of oxygen
content at 2 feet during this period on the development of sugar cane
roots is striking, with a threefold increase in root content associated with
a threefold increase in average oxygen content. Root concentration in the
6-inch-to-2-foot zone was much higher in Commerce and Cypremort soils
than in the corresponding Sharkey and Iberia soils, with the Mhoon and
Baldwin soils being intermediate.
1250 i ,
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FIGURE 16.—Relationship between average oxygen content at the 2-foot depth for
the period May 2 through July 1 and the amount of roots (oven-dry) in the 6-inch-to-
2-foot depth on Sept. 24.
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Oxygen measurements at the 2-foot depth probably gave a better char-
acterization of the aeration status of the root zone than oxygen measure-
ments at any other depth. Adequate oxygen content at 2 feet usually
insured that aeration was not limited in the critical root zone above this
depth. The relationship obtained here between oxygen content and root
distribution also emphasizes the importance of maintaining adequate
aeration in the soil during the first part of the growing season. In some
of the poorly aerated profiles the oxygen content at the 2-foot depth im-
proved after July 1 but there was no corresponding increase in root
development. As was pointed out above, all soils had only a small amount
of roots at the lower depths regardless of the aeration status.
SUMMARY
Two methods were developed for sampling soil air and analyzing it
for oxygen content in the sugar cane area. One method consisted of in-
serting a metal probe into the soil and using a vacuum to draw an air
sample into a polarographic cell for oxygen analysis. The second method
employed permanent air reservoirs at different depths in the soil from
which air was withdrawn for analysis in a similar polarographic cell.
The second method was employed in this study because of the difficulty
of withdrawing samples of air from fine-textured or wet soils with the
probe method.
Oxygen analysis of the soil air throughout the growing season for
two groups of three soils that differed in elevation and internal drainage
showed much higher oxygen content at depths below 6 inches in the
Commerce and Cypremort soils than in the other four soils. In the
Mhoon, Sharkey, Baldwin, and Iberia soils, oxygen content in the sub-
soil was often at levels considered inadequate for optimum root activity,
especially in the first part of the growing season.
Except for the Sharkey soil, in which difficulty was experienced in
separating the clay from the roots, root distribution was generally about
the same for all soils in the surface 6 inches, which probably reflected the
adequate aeration that existed at this depth, and at the 3- and 4-foot
depths, where little root development occurred. There were marked dif-
ferences among the soils in root content in the 6-inch-to-2-foot zone, how-
ever, with the better aerated soils showing a much higher root develop-
ment. A close relationship was measured between oxygen content at the
2-foot depth during the first half of the growing season and the amount
of root development in the 6-inch-to-2-foot zone.
The results of this study emphasize the importance of good aeration
in the surface 2 feet of soil during the first part of the growing season
for adequate root development of sugar cane. Adequate aeration at lower
depths is probably important, but apparently to a lesser degree.
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